Abstract: In a search for source rocks of the crude oils of the Drmno depression (southern part of the Pannonian Basin, Serbia), based on bulk and specific organic geochemical parameters, six out of eight Sirakovo, Bubu{inac and Bradarac sedimentary core samples were found to possess typical source rock characteristics. By comparing the results observed for these sedimentary samples with the corresponding properties of the crude oils from the Sirakovo and Bradarac oil-gas fields, a positive organic geochemical oil-source rock correlation was experienced for the first time within this basin. This finding may be considered as an important step towards the ultimate organic geochemical/geological interpretation of the Drmno depression.
INTRODUCTION
In oil and gas exploration studies, the identification of petroleum source rocks and their relationship with oils originating from known oil fields (organic geochemical oil-source rock correlation) is one of the most important tasks. Following the petroleum system concept of Magoon and Dow, 1 exploration of any oil field should not be considered complete until the location of source rocks has been identified and the source rock potential has been estimated.
Petroleum source rocks are characterized by three basic parameters. 2, 3 Firstly, they must contain a certain amount of organic matter (total organic carbon, TOC), generally above 0.5 %. Secondly, the maturity of a source rock has to be sufficiently high, i.e., close to the maturity of the crude oil itself. Finally, the source rock kerogen should preferably be of type I and/or type II, these two kerogen types being characterized by a high liquid hydrocarbon potential.
The exact location of the source rocks of the oils obtained from the Drmno depression oil fields (the district of the so-called Stig, Serbia), is not yet fully and reliably known. Hence, this locality has not yet been completely explored. Up-to-date organic geochemical investigations were comprised mainly of correlations of the oils from the discovered oil fields, or correlations of these oils with oils from other neighbouring oil or oil-gas fields. It was shown that the Drmno depression crude oils, according to their origin (higher participation of terrestrial precursor biomass) and to their maturity (mainly of somewhat lower maturity), differed from the crude oils from Banat and North Ba~ka depressions (Vojvodina) oil fields. [4] [5] [6] [7] On the other hand, among the Drmno depression crude oils themselves, some minor variations concerning the type of precursor organic matter and the degree of thermal maturity were observed. 8 Sedimentary samples originating from the Sirakovo, Bubu{inac and Bradarac boreholes (all from Drmno depression locations) were examined in this paper. Organic geochemical methods were used for their investigation (TOC, bitumen and hydrocarbons; distribution and abundance of biological markers such as n-alkanes, isoprenoid aliphatic alkanes, triterpanes and steranes). They were aimed at estimating their oil potential. The observed organic geochemical parameters were correlated with the same parameters determined for the crude oils from two nearby localities (Sirakovo and Bradarac; these comparative results were published in one of our recent papers 8 ). The correlations were expected to show whether a genetic relationship exists between the examined sediments and the mentioned crude oils, i.e., whether a positive oil-source rock correlation between them may be assumed.
EXPERIMENTAL

Samples
Eight samples of sedimentary rocks from the localities of the Sirakovo (Sir-), Bubu{inac (Bub-) and Bradarac (Bra-and Bra-Malj-) boreholes were investigated. A list of these samples, including the corresponding depths and stratigraphic data, is given in Table Ia . The sedimentary samples were correlated with the crude oils from the Sirakovo and Bradarac oil-gas fields (Table Ib 8 ). 
Analytical methods
Following the elimination of carbonates from the powdered samples (< 0.063 mm) with dilute hydrochloric acid (1:4), the content of organic carbon, TOC, was determined by the Coleman method. The amount of bitumen was determined by Soxhlet extraction for 36 h, using the azeotropic dichloromethane-methanol mixture as solvent. The bitumen content was calculated relative to dry sediment (ppm) and relative to TOC (mg/g).
The proportion of hydrocarbons in the isolated bitumen fractions was determined by column chromatography (the adsorbents used were silica gel and alumina). The saturated hydrocarbons were eluted with petroleum ether and the aromatic hydrocarbons with benzene. The total hydrocarbon content was calculated relative to sediment (ppm) and relative to bitumen (%) ( Table II) .
n-Alkanes, the isoprenoid alkanes pristane and phytane, the steranes and triterpanes, as constituents of the saturated hydrocarbon fractions, were analyzed by a Hewlett Packard 5890, Series II gas chromatograph fitted with a capillary column coated with HP-5MS, coupled to a Hewlett-Packard 5972 MSD operated at 70 eV, using helium as the carrier gas (flow rate 1 cm 3 /min). The n-alkanes and isoprenoids, as the dominant constituents, were identified from the Total Ion Current (TIC). The steranes and triterpanes were identified using the single ion monitoring method (SIM), from the m/z 217 and m/z 191 fragmentograms.
The analytical procedure used for crude oils was described in one of our recent papers. 8 
RESULTS AND DISCUSSION
Source rock potential of the investigated sediments
Bulk parameters. The content of organic matter (TOC), together with the observed numerical values of bulk parameters generally used for the estimation of the maturity of sedimentary organic matter, are presented in Table II . For comparison, numerical values of the same parameters typical for source rocks 3 are also shown in Table II .
The content of TOC in six out of the eight examined samples was found to be above 0.5 %. The sample Bra-8 contained a marginal amount of TOC, 0.46 % and the sample Bra-4 just 0.24 % (parameter 1, Table II ). The amounts of bitumen and hydrocarbons in sedimentary rocks serve primarily as a basis for an estimation of the maturity of the organic matter. By comparing the observed quantities of bitumen and hydrocarbons (parameters 2a and 2b, and 3a and 3b, respectively, Table II ) with the ranges typical for source rocks, 3 the maturity of the organic matter of the investigated sediments was shown to be equal with the maturity of the organic matter of source rocks. The sample Bra-Malj-2, as well as the sample Bra-Malj-7, contained somewhat higher amounts of bitumen compared to the amounts typical for source rocks (i.e., 3086 vs. 3000 ppm, parameter 2a, and 204 mg/g vs. 200 mg/g, parameter 2b, respectively, Table  II ). The quantity of hydrocarbons in sample Bra-Malj-7 was also somewhat higher compared to the maximum amount typical for source rocks (i.e., 74.5 % vs. 60 %, parameter 3b, Table  II ). Theoretically, these exceptions might suggest that parts of this organic matter are allochtonous, i.e., represent a migration product. However, the location of these two samples in a diagram proposed by Landais and Connan ( Fig. 1) , 9 based on TOC and hydrocarbon contents, did not corroborate such a presumption. Namely, according to the parameter ranges indicated in this diagram, six out of the eight investigated samples demonstrated the characteristics of source rocks. The exceptions were again samples Bra-4 and Bra-8, containing less than 0.5 % TOC and insufficient amounts of bitumen and hydrocarbons (parameters 1-3, Table II ; Fig. 1 ). Hence, only samples Bra-4 and Bra-8 were excluded from the group of potential crude oil source rocks and were not analyzed in more detail.
Specific maturity parameters (n-alkanes, steranes and triterpanes).
The distribution of n-alkanes, as well as of the isoprenoid alkanes pristane and phytane (TICs in GC-MSD analyses of the alkane fractions), in the sediments which, according to their bulk parameters, were indicated as source rocks are shown in Fig. 2 . The corresponding parameters are presented in Table III . *CPI was calculated for the full range of n-alkanes. 3 The chromatograms of all the samples were characterized by a more or less distinct bimodal distribution of the n-alkanes (Fig. 2) . Consequently, the corresponding chromatograms showed two maxima (parameter 1, Table III ). The distributions of the odd and even carbon number n-alkanes were pretty smooth. The calculated CPI values (CPI = 1.00-1.15, parameter 2; Table III) were within the source rock range (0.80-1.20). Hence, the n-alkane distributions were further proof of the source rock characteristics of the six investigated samples.
The polycyclic alkanes of the triterpane and sterane types were also analyzed (GC-MSD; SIM). The fragmentograms m/z 191 and m/z 217 are shown in Fig. 3 .
The observed distributions resemble typical crude oil distributions. 10 For example, in the case of the triterpanes, besides oleanane and gammacerane (O and G, Fig. 3 ), the thermodynamically most stable hopanes (i.e., peaks a, c and the isomer 22S of peak e) and their less stable isomers (i.e., peaks b, d and the isomer 22R of peak e) were found in ratios characteristic of crude oils. Moreover, with the sterane fractions, besides the biolipid isomers C 27 -C 29 aa (20R) (peaks 2, 3 and 6), geolipid isomers were also found, like diasteranes, as well as C 27 -C 29 steranes with the hydrogen atoms at C 14 and C 17 in the b-position and S-configuration at C 20 (peaks 1, 4 and 5). Hence, the triterpane and sterane fingerprints themselves also suggest that the organic matter in these sediments is on the level of source rock as well as crude oil maturities.
The calculated numerical values of the maturation parameters were even more convincing as far as the degree of maturity of the analyzed organic matter was concerned (Table IV) . This refers, in the first place, to the terpane maturation parameters (marked as parameters 2 and 3 in Table IV) identification of the corresponding peaks was discussed in our previous papers). 5, 6 12 ). An exception was observed with the sample Sir-1 (parameter 3, Table IV ).
The sterane maturation parameters (parameters 4 and 5, Table IV) showed that equilibrium reactions 20R
20S and 14a(H)17a(H) 14b(H)17b(H)
had not yet been attained. However, this observation is not unexpected, since it is known that these equilibria are attained only at high levels of maturity of the sedimentary organic matter ("oil generation peak"), corresponding to vitrinite reflectances in the range R r = 0.80 -0.90 %. Moreover, even for a number of crude oils the equilibria in these reactions were found not to have been attained. 11 On the other hand, equilibria in the terpane epimerization reactions are generally attained somewhat earlier (R r = 0.60-0.70 %), but, nevertheless, within the stage defined as "early oil generation". 11 Consequently, the organic matter of the sediments investigated in this paper seems to be in the "oil generation" phase.
Maturation parameters 3 and 5 from Table IV may also be used to corroborate the estimated maturity of the organic matter. Namely, it was shown earlier that the isomerization reactions moretane ® hopane (parameter 3, Table IV ) and 20R ® 20S steranes (parameter 5, Table IV ), in addition to heat dependence, generally demostrate a dependence on the geological time as well. 13 Investigation of a great number of crude oil and sediment samples showed that samples of pre-Tertiary age are characterized by moretane/hopane parameter values lower than 0.10, and by those of parameter 20S/20S+20R C 29 steranes higher than 0.50. On the basis of parameters 3 and 5 from Table IV, as well as the corresponding boundary values, the sediments were classified into the group of Tertiary age sediments.
In spite of the fact that, based on triterpane and sterane analyses, all six samples were classified as sediments of relatively high maturity, differences among them were observed. Namely, on the basis of several parameters shown in Table IV the sample Bub-3 seemed to be of the lowest, and samples Bra-Malj-7 and Bra-1 of the highest maturity. Such a conclusion is based on the already mentioned parameters 2-5 (Table IV) , but also on parameters Ts/Ts+Tm and C 27 dia/dia+ster (parameters 1 and 6, respectively, Table IV ). In spite of the well-known fact that the isomerization processes Tm ® Ts (i.e., 17a(H) -22,29,30-trisnorhopane ® 18a(H) -22,29,30-trisnorneohopane), as well as the isomerization of regular steranes into diasteranes, are mainly influenced by mineral catalysts of the silicate type (acidic sites on clays) which are constituents of source rocks, 14,15 the high numerical values of these parameters also corroborate the classification of samples Bra-Malj-7 and Bra-1 into the group of sediments of highest maturity. (Fig. 2) , in the form of "the most abundant n-alkanes" and/or CPI (parameters 1 and 2, Table III), served for the estimation of the organic matter maturity of the investigated sediments. However, the domination of odd-carbon atom number n-alkanes (CPI = 1.00-1.15), as well as the observed noticeable amount of higher members in the n-alkane homologous series (c.f., the "second" maximum in the bimodal distribution, C 21 -C 27 ), simultaneously suggests that terrestrial precursor biomass had obviously participated in the formation of the organic substance of the investigated sediments. 10, 11, 16 The dominance of pristane over phytane in all six analyzed samples (Pr/Phyt = 1.60-6.78; parameter 3, Table III ) corroborated such an assumption.
Specific source parameters (n-alkanes, isoprenoids, triterpanes and steranes). The distribution of n-alkanes
In the distribution of triterpanes and steranes the abundances of oleanane and gammacerane (peaks marked O and G, Fig. 3 ), as well as the distribution of biolipid isomers such as C 27 -C 29 14(a)H,17(a)H(20R) regular steranes 10, 11, 16 (peaks 2, 3 and 6, Fig.  3 ) are most often used for the estimation of the source of the organic matter. Numerical values of the corresponding parameters are shown in Table V . Figure 3 as well as parameter 2 from Table V show that all the examined samples contained gammacerane. On the other hand, only two samples, Sir-1 and Bub-3, contained considerable amounts of oleanane ( Fig. 3 and parameter 1 , Table V ). The small amounts of oleanane in most of the samples were unexpected since this parameter generally indicates the terrestrial origin of sedimentary organic matter and the corresponding crude oils. 10, 11 However, the domination of C 29 regular sterane in four out of the six analyzed samples (peak 6 in Fig. 3 , and parameter 3 in Table V ) corroborated the observed noticeable participation of terrestrial precursor biomass in the formation of the organic substance of the sediments.
Correlation with crude oils
Organic geochemical investigations of Drmno depression crude oils (oil-oil correlations) have been reported in several papers published during the last fifteen years. [4] [5] [6] [7] [8] The present paper is aimed at checking, for the first time, the eventual genetic relationship of some Drmno depression crude oils with the sediments of the same basin showing source rock characteristics. For this purpose the results of organic geochemical investigations of the Sirakovo, Bubu{inac and Bradarac sediments were correlated with the corresponding results observed for crude oils originating from the Sirakovo and Bradarac oil-gas fields. 8 The important specific maturation and source parameters for both substrates were determined using identical analytical methods.
Based on bulk and specific correlation parameters (distribution of biological markers of n-alkane, isoprenoid alkane, triterpane and sterane types), the Sirakovo and Bradarac crude oils were shown to be of the same origin (except Bra-Malj-10), and were characterized by a significant participation of terrestrial precursor biomass. They were also shown to have been formed in the earlier stages of the catagenetic sequence of oil formation (R r = 0.70-0.80 %), and to have originated from source rocks of the Tertiary age. 8 Certain differences were observed only in the abundance of gammacerane and particularly oleanane. The most important relevant source and maturation parameters of the crude oils, which served as a basis for the correlations, are shown in Table VI . Comparison of the specific maturation parameters observed for the six sedimentary samples investigated in detail in this work (parameters 1 and 2, Table III; parameters 2-5,  Table IV ) with the corresponding crude oil maturation parameters (1, 2, 4-7, Table VI ), suggested that the sedimentary organic matter and the crude oils were of similar maturity. The similarity with the examined crude oils concerned particularly the sedimentary samples Bra-1, Bra-5, Bra-Malj-2 and Bra-Malj-7. Furthermore, both the sedimentary organic matter and the crude oils could have been classified, according to maturity, into the "early oil generation" stage, corresponding to a vitrinite reflectance of R r = 0.70-0.80 % (parameters 2-5, Table IV, for sediments; parameters 4-7, Table VI, for crude oils). Finally, the parameters C 30 moretane/hopane and C 29 steranes 20S/20S+20R (parameters 3 and 5, Table  IV , for the sediments; parameters 5 and 7, Table VI, for the crude oils) suggest that both the sediments and the crude oils are of Tertiary age. As far as their origin is concerned, parameters such as "the most abundant n-alkanes", CPI, Pr/Phyt and distribution of regular C 27 -C 29 steranes (parameters 1-3, Table III and parameter 3, Table V , for the sediments; parameters 1-3 and 10, Table VI, for the crude oils) suggest that terrestrial precursor biomass participated noticeably in the formation of both the sedimentary organic matter and the corresponding crude oils.
Hence, based on their maturity, age and the type of the organic matter, the core samples from Sirakovo, Bubu{inac and Bradarac (Drmno depression) locations demonstrate a considerable similarity with the crude oils from the Sirakovo and Bradarac oil-gas fields of the same depression. Since according to bulk and specific organic geochemical parameters the mentioned sediments show evident source rock characteristics, a positive oil-source rock correlation is clearly demonstrated between the Drmno depression crude oils and sediments. This finding may be considered as one of the first steps in identifying the source rocks of the Drmno depression crude oil. Since the number of investigated sediments and crude oils is not considered to be fully representative of the whole depression, i.e., of all potential source rocks and all discovered oil fields, respectively, further oil-source rock correlation studies, based on the same bulk and specific organic geochemical parameters, will be needed in order to be able to generalize these conclusions. Organic geochemical oil-source rock correlation studies of the Drmno depression basin should represent a basis for an ultimate organic geochemical/geological interpretation as well as further exploration studies.
CONCLUSIONS
Organic geochemical bulk parameters (i.e., organic carbon, bitumen and hydrocarbon contents) for six out of eight sedimentary core samples from three Drmno depression boreholes (Sirakovo, Bubu{inac and Bradarac) were found to possess all the criteria of source rock. Specific maturation parameters (i.e., the most abundant n-alkane, CPI, as well as the ratios between thermodynamically more stable geo-and less stable bio-isomers of polycyclic alkanes of the triterpane and sterane types) suggest a relatively high maturity of the organic matter of these sediments, corresponding to the "oil generation" stage (R r = 0.70-0.80 %), as well as their origin in the Tertiary age. On the other hand, molecular source parameters (i.e., CPI, Pr/Phyt, distribution of C 27 -C 29 regular steranes) provide proof of the participation of terrestrial precursor biomass in the formation of these sediments.
Moreover, comparison of these observations with the corresponding characteristics of the Sirakovo and Bradarac (Drmno depression) crude oils suggest significant organic geochemical similarity. In this way, a positive organic geochemical oil-source rock correlation was observed for the first time with the Drmno depression. This finding will serve as a basis for further correlation and exploration studies, i.e., it might be considered as a step leading to the ultimate organic geochemical/geological interpretation of this basin.
Ispitivani su sedimenti iz bu{otina koje pripadaju lokacijama Sirakovo, Bubu{inac i Bradarac (depresija Drmno). Primewene su organsko-geohemijske metode (odre|ivawe sadr`aja organskog ugqenika, bitumena i ugqovodonika, kao i odre|ivawe raspodele i obilnosti biolo{kih markera tipa n-alkana, izoprenoidnih alifati~nih alkana, triterpana i sterana) sa ciqem da se proceni wihova naftna potencijalnost. Za {est uzoraka utvr|en je visok stepen maturisanosti organske supstance, pripadnost "oil generation" fazi (R r = 0,70 -0,80 %), tercijarna starost i prete`no terestrijalno poreklo. Pore|ewem sa sirovim naftama iz ve} otkrivenih naftnih le`i{ta bliskog lokaliteta (Sirakovo i Bradarac) utvr|ena je zna~ajna sli~nost i prema maturisanosti i prema poreklu, na osnovu~ega je izme|u ispitivanih uzoraka sedimenata i nafti, prvi put kada je u pitawu depresija Drmno, definisana pozitivna korelacija nafta-izvorna stena. (Primqeno 11. aprila 2002) 
